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ABSTRACT
Current methods of bone repair rely on autografts (bone from a donor site) and allografts
(bone from human cadaver). However, these methods are plagued with disadvantages.
There is a clear and urgent need to provide alternatives for regenerating and repairing
bone.
Bone is known to be one of the many connective tissues in the body that are responsive to
exogenous electrical stimulation. Based on this principle, this thesis explores the potential
of using an electrically conducting polymer, polypyrrole, as a substrate for bone
regeneration.
Optically transparent thin films of polypyrrole, with a polyanionic dopant,
poly(styrenesulfonate), were synthesized electrochemically and characterized by X-Ray
Photoelectron Spectroscopy, UV/VIS spectroscopy, Scanning Electron Microscopy and
by electrical conductivity measurements. In this study, Bone Marrow Stromal Cells
(BMSC), which are the progenitor cells to bone cells (osteoblasts), were used as the in
vitro model system. Their viability, proliferation and differentiation capabilities were
evaluated on polypyrrole, in the absence and presence of electrical stimulation. Results
indicate that polypyrrole is ideally suited as a substratum for BMSC growth and
differentiation. The application of an electrical stimulus through the polypyrrole substrate
was found to induce the differentiation of BMSC towards an osteogenic lineage. Thus,
polypyrrole, by virtue of its conductive properties, its in vitro biocompatibility and its
flexibility in altering surface characteristics, has an exciting potential as a suitable
interactive substrate for bone regeneration.
Thesis Supervisor: Robert S. Langer
Title: Germeshausen Professor of Chemical and Biomedical Engineering
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CHAPTER 1: INTRODUCTION
1.1 Objectives
The goal of this thesis has been to develop a system to evaluate the candidacy of
polypyrrole as an interactive substrate for bone regeneration. In order to reach this
objective, several steps have been completed:
1. A polymer system was developed to act as the conductive substrate for bone cell
studies.
2. The attachment, proliferation and viability of bone cells in vitro were established in
the absence of electrical stimulation.
3. The attachment, viability and differentiation of bone cells in vitro were established in
the presence of electrical stimulation.
4. A mechanism was proposed for the interactions between the polymer system and the
bone cells.
1.2 Outline of thesis
This thesis is organized into eight chapters. A general background on bone
regeneration and electrically conducting polymers is presented in Chapter 2. Polymer
synthesis and characterization are described in Chapter 3. Chapters 4 and 5 describe the
interactions of bone cells and the polymer system in the absence of electrical stimulation.
Chapter 6 gives a final evaluation of the polymer system as an interactive substrate for
bone cells when an electrical stimulus is applied. The key conclusions of the studies are
summarized in Chapter 7 and future recommendations are presented in Chapter 8.
CHAPTER 2: BACKGROUND
2.1 Bone regeneration
Over 1 million surgical procedures in the United States each year involve bone
repair [1]. Bone defects can result from diverse causes such as trauma, birth defects and
disease pathoses. Current methods rely on an adequate supply of autogenous (from a
donor site) and allogeneic (from a human cadaver) bone. However, removal of
autogenous bone for the grafting procedure requires surgery at a second site and also
involves blood loss, pain and increased morbidity. Furthermore, for allografts, there
exists the potential for disease transmission or host rejection. Thus, the search for
alternatives to autografts and allografts in bone repair and regeneration remains an
important topic in medical research.
A variety of biologically compatible materials have been tested for use in bone
repair. The materials include naturally occurring compounds such as tricalcium
phosphate or hydroxyapatite porous ceramics [2, 3], and synthetic materials including
absorbable lactide and glycolide polymers, [4, 5] and ceramic bioglasses [6]. The existing
technology, using biomaterials, though effective in many cases, is still beset with
numerous difficulties and disadvantages. Thus, there still exists a critical need for
improved methods in treating bone defects.
In 1952, Yasuda discovered an interesting property in bone [7]. He first reported
that upon mechanical deformation of bone, electricity was produced, the phenomenon
known as the "piezoelectric" effect. He showed that the mechanical loading of bone
induced electromagnetic potentials or fields that could alter bone metabolism and
produce an increase in bone mass and/or structure [8]. Further studies undertaken by
Fukada, Becker, Bassett and others have suggested that the electrical activity observed in
bone is a probable mediator of its repair and adaptive remodeling in response to
mechanical loading (Figure 2.1)[9-12]. Furthermore, the authors observed that an
exogenous electrical stimulus alone could stimulate bone regeneration [13-19]. The early
success of these experiments with direct current and electromagnetic induction finally led
to widespread clinical treatments of non-union bone fractures. However, the importance
of localizing the electrical stimulation still remains a challenge [20]. Therefore, a system
whereby one can externally control and regulate the stimulus would be extremely
attractive.
The concept of "tissue engineering" comes into play here in the development of such
a system. Tissue engineering is a field in which the principles of biology, engineering and
materials science are applied to the development of functional substitutes for damaged
tissue. Langer and co-workers have been developing biodegradable polymer systems that
are being explored as three-dimensional matrices for cell transplantation and tissue
regeneration [1]. With this approach in mind, one can envision materials that can exploit
the piezoelectrical nature of bone and act as interactive scaffolds for bone repair. An
interesting class of synthetic polymers that can take advantage of these properties are the
electrically conducting or electroactive polymers. Based on their ability to respond to
electrical or electromagnetic stimuli, they can act as an interface between the external and
physiological environments of a connective tissue such as bone, which is capable of
undergoing repair and regeneration on exposure to the same stimuli [21].
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Figure 2.1: "Yasuda's hypothesis". Modified from: Spadaro, A. Mechanical and
Electrical Interactions in Bone Remodeling. Bioelectromagnetics, 1997. 18: p. 193-202
An excellent candidate for such an application is polypyrrole, belonging to this
class of polymers. The characteristics of this polymer are discussed in the following
section.
2.2 Electrically Conducting Polymers
A key property of most polymers, which distinguishes them from metals, is their
inability to conduct electricity. However, during the past 25 years, a new class of organic
polymers has been devised with a remarkable ability to conduct electrical current. These
electrically conducting polymers typically possess a conjugated backbone with a high
degree of n7-orbital overlap. Through a process known as "doping", the neutral polymer
can be oxidized or reduced to become either positively charged (oxidative, p-type) or
negatively charged (reductive, n-type). The generation and propagation of charge occurs
via polarons or bipolarons along the oxidized polymer backbone. The conductive form of
the polymer contains counterions that serve to maintain charge neutrality but do not
affect the oxidation level of the polymer. Among the electrically conducting polymers,
polypyrrole, polythiophene, poly(p-phenylene) are the most promising, especially for
tissue engineering applications.
Polypyrrole, which belongs to the class of aromatic poly(heterocyclics), has been
extensively studied. It was first electrochemically synthesized by Diaz and co-workers,
[22] and can be synthesized both by chemical and electrochemical means. Through the
"doping" process, charge neutrality is maintained by incorporating dopant ions into the
polymer backbone. Figure 2.2 shows the mechanism by which the electronic conduction
... Bipolaron
r I.
..... ..... Bipolaron
Figure 2.2: Mechanism of electronic conduction in oxidized polypyrrole (PP) via
interchain hopping of bipolarons. Reproduced with permission from: Shastri, V.R.,
Evaluation ofpolypyrrole thin films as substratum for mammalian cell culture. 1995,
Rensselaer Polytechnic Institute: Troy, NY.
in polypyrrole occurs. The neutral polymer chain is oxidized with the removal of
electrons to form radical cations. The radical ions are delocalized over a portion of the
backbone, creating a structural defect known as a polaron, which contains both spin and
positive charge. Two polarons can diffuse together and combine spins to form a bond,
leaving a bipolaron species. The positive charges on the polymer backbone act as charge
carriers for electrical conduction. Conduction can either occur along segments of the
conjugated chain, or through charges hopping between chains.
Polypyrrole has been studied extensively due to its chemical and thermal stability,
ease of preparation and electroactivity. It has been evaluated for a number of
applications, such as amperometric glucose sensors [23], creatinine microbiosensors [24],
immobilized enzyme-based analyte detection systems [25] and electrodes to obtain
electrochemically controlled dopamine release [26, 27]. Furthermore, its in vitro
compatibility with mammalian cells has been explored [28, 29]. From these studies, it
was shown that both cell-surface interactions and cellular functions on polypyrrole thin
films could be controlled by either changing the oxidation state of the polymer or by
changing the wettability of the polymer through the use of suitable dopants. Since surface
characteristics such as charge density and wettability play a key role in protein-adsorption
and cell-biomaterial interactions [30-32], it is desirable to engineer a material that allows
flexibility in predicting cellular behavior.
Polypyrrole is a particularly interesting candidate for studying bone repair and
regeneration. Since bone is responsive to external electrical or electromagnetic
stimulation, it is possible to fabricate an interactive scaffold by using polypyrrole as the
substratum through which one can control the cellular processes involved in bone
regeneration. Furthermore, polypyrrole has been evaluated as a candidate for nerve
regeneration [33, 34]. It was shown that neurite outgrowth of PC-12 cells, an immortal
nervelike cell line derived from rat pheochromocytoma, was significantly enhanced on
polypyrrole thin films upon the application of an electrical stimulus. Based on similar
underlying principles, polypyrrole can be explored as a possible substratum for bone
regeneration.
CHAPTER 3: POLYMER SYNTHESIS AND CHARACTERIZATION
3.1 Introduction
Polypyrrole (PPy) was synthesized electrochemically and characterized by X-Ray
Photoelectron Spectroscopy (XPS), UV/VIS spectroscopy and Scanning Electron
Microscopy (SEM) and conductivity measurements,
3.2 Experimental
3.2.1 Chemicals and Materials
Pyrrole and sulfonated polystyrene sodium salt (MW 70,000) were obtained from
Aldrich (Milwaukee, WI). Activated alumina was purchased from Mallinckrodt
(Chesterfield, MO). Indium tin oxide (ITO) conductive borosilicate glass (40 Q/square,
50 x 25 mm) was obtained from Delta Technologies (Still Water, MN) and used as the
electrochemical conductive surface for PP film deposition. Hexane, dichloromethane and
methanol were purchased from EM Science (Gibbstown, NJ). A platinum gauze (99.9 %
Pt, 52 mesh, woven from 0.1 mm diameter wire) served as the counter electrode and was
purchased from Aldrich Chemical Co. An Ag/AgCl electrode was purchased from Fisher
Scientific (Pittsburgh, PA) and was used as the reference electrode. Ultrapure water was
obtained from a Millipore Milli-Q Reagent Water System (Bedford, MA).
3.2.2 Methods and Procedures
3.2.2.1 Polymer Synthesis
Pyrrole was passed through an activated alumina column, consisting of a standard
9" pasteur pipette plugged with glass wool and packed with activated alumina, until it
became colorless. Indium tin oxide substrates were ultrasonically cleaned in hexane,
methanol and dichloromethane sequentially for 5 min each.
A three electrode setup was used for the electrochemical synthesis of polypyrrole
(PPy): the ITO glass acted as the working electrode, the platinum mesh as the counter
electrode and the Ag/AgCl electrode as the reference (Figure 3.1). The electrodeposition
solution contained 0.1 M pyrrole and 0.1 M sodium salt of poly(styrenesulfonate) (PSS) and
Milli-Q ultra pure water. The sodium salt of poly(styrenesulfonate) served as both the
electrolyte and dopant. An EG & G Princeton Applied Research Potentiostat/Galvanostat
Model 253A (Princeton, NJ) was employed as the constant voltage source. PPy films (0.1-
0.15 pm) were deposited onto the ITO glass at a constant potential of 0.7 V versus the
Ag/AgCl reference electrode. The film thickness was controlled by the passage of charge: a
charge of 26.2 mC/cm2 yields a PPy film of 0.1 pm in thickness [35].
3.2.2.2 X-Ray Photoelectron Spectroscopy (XPS)
Spectra were obtained using a Surface Science Laboratories X-100 spectrometer
(Mountain View, CA) employing a monochromatized Al Kac (1486.7 eV) Xray source
operated under a source chamber vacuum of - 1 x 10-9 torr. Core level spectra were taken
at a take-off angle of 350 (measured with respect to the normal to the sample surface).
Photoelectrons were analyzed by a hemispherical multichannel detector in fixed analyzer
transmission mode. An electron flood gun (energy 5 eV) was used to compensate for
charging during X ray Photoelectron Spectroscopy data acquisition. A nickel mesh in
Ag/AgC1 Reference
Electrode
Pt mesh
Counter
electrode Aqueous solution of 0.1
M pyrrole, 0.1 M sodium
poly(styrenesulfonate)
salt
ITO Working
electrode
Figure 3.1: Setup for the electrodeposition of PPy thin films onto ITO working electrode.
electrical contact with the spectrometer was placed approximately 1 mm over samples to
assist the compensation. For all spectra, the X-ray spot size was 1000 tm2. Survey
spectra were recorded over a binding energy range of 0 to 1000 eV using a pass energy of
300 eV. Surface chemical compositions were determined from peak-area ratios corrected
with the appropriate experimentally determined sensitivity factors.
3.2.2.3 UV/VIS spectroscopy
UV/Visible spectroscopic data were obtained using a Cary SE UV-VIS-NIR
Spectrophotometer from Varian OSI (Melbourne, Australia). A dual beam system with a
scan rate of 600 nm/min was employed.
3.2.2.4 Scanning Electron Microscopy (SEM)
A Joel Scanning Electron Microscope Model 6320 (Akishima, Japan) was used
for surface and cross sectional analysis of the PPy thin films. PPy samples were mounted
on aluminum stubs using conductive tape to observe the surface. For the cross section of
the film, the PPy sample on the ITO glass was cut finely using a diamond cutter. It was
mounted in a vice with the interface of interest facing up. Photographs of the images were
obtained using a Polaroid instant camera and Polaroid 55 positive negative film.
3.2.2.5 Conductivity
Since the PPy films were grown on ITO (resistance of 40 Q/sq reported by
manufacturer), an estimate of the conductivity was made by measuring the resistance of
the films with a Micronta multimeter. The probes of the multimeter were lightly touched
onto the PPy film and the surface resistance was recorded. The surface conductivity, o,
the reciprocal of resistivity, p, was calculated from the cross-sectional, area (A) of the
film and distance (L) between the multimeter probes.
1 L(3.1) o-
p RA
3.3 Results and Discussion
The surface properties of the PPy thin films were characterized by XPS. The
surface composition of the PPy films at a take off angle of 350 is shown in Table 3.1. The
corresponding XPS spectrum is shown in Figure 3.2. The surface composition within a
sampling depth of 10-100 A indicates the presence of Na and S atoms from the sodium
salt of poly(styrenesulfonate) (PSS) dopant. The surface N/S ratio was found to be
consistent with results from comparable analysis depths [36, 37]. That the surface is rich
in negatively charged sulfonate groups is indicated by the presence of Na atoms, which
are the associated cations with the pendant sulfonate group. The presence of the Na also
indicates that the sulfonate groups are still in the salt form and were not protonated
during the electrodeposition process. Furthermore, the almost 1:1 ratio of Na/S (1.57),
demonstrates that the source of the Na is not merely a result of adsorbed ions in an
electrical double layer, the layer formed at an electrolyte-electrode interface due to the
interaction of ions in the electrolyte solution and charges in the electrode.
The presence of the negative sulfonate groups at the PPy/PSS surface is
supported by previous work by Prezyna et al.[38]. They suggested the presence of three
types of PSS chains in the polypyrrole/PSS films (Figure 3.3). The first (Type 1) includes
well entangled chains contained in the bulk of the oxidized PPy film and are used
relatively efficiently in doping. Type 2 PSS anions are thought to exist near the film
surface, with only a portion of the chains acting as a dopant and the remainder are
neutralized by Na cations in the electrolyte. Type 3 PSS chains are only slightly utilized
as dopant chains and are loosely held by physical interactions at the film surface. It is the
latter two types that have sulfonate moieties available for surface complexation and
contribute to changing the nature of the polypyrrole/PSS surface. Thus, it can be
concluded that the polypyrrole surface is rich in excess negatively charged sulfonate
groups.
The optical properties of Ppy films were determined by UV/VIS spectroscopy
(Figure 3.4). The absorption spectrum shows a broad peak at 450 nm, which has been
attributed to the oxidized polymer [39]. The broad peak around 800 nm is believed to be
due to the presence of bipolarons in the oxidized polymer [40, 41].
SEM was used to analyze the surface and cross section of the PPy thin films. The
thickness of the films, which was estimated by the amount of charge passed during the
electrodeposition process, was 0.1 pm. This thickness was found to correlate well with
the observed thickness of 0.08-0.1 pm, using SEM analysis of the cross section (Figure
3.5). The SEM of the surface of the PPy film is shown in Figure 3.6. At an accelerating
Table 3.1: Surface chemical composition of PP-PSS film of thickness 0.1-0.15 jtm as
determined by XPS. The "analysis spot area" = 1000 Lm2
Atom % Composition
O ls 25.81
Na (Auger) 5.21
N 1s 6.26
C Is 59.40
S 2 p 3.31
N/S 1.89
Na/S 1.57
C.
3U
1000
Binding Energy (eV)
Figure 3.2: XPS spectrum of PP-PSS thin film (0.1 gm thickness) with X-ray spot size of 1000 gm2 amd electron
flood gun energy of 5 eV.
'000
Poly(styrenesulfonate)
PSS
-CH2
PPy
Type 1 PSS
bfW Type 2 PSS
Type 3 PSS
Figure 3.3: Proposed structure of PP-PSS films with three types of PSS chains. Adapted
from Prezyna et al. Interaction of Cationic Polypeptides with Electroactive
Polypyrrole/Poly(styrene sulfonate) and Poly(N-methylpyrrole)/Poly(styrenesulfonate)
Films. Macromolecules. 1991. 24: p. 5283-5287
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Figure 3.4: UV/VIS absorption spectrum for PP-PSS 0.1 p~m thick film.
voltage of 1 kV, the films were seen to have a rough morphology, with numerous
nodules. Since a constant potential electrochemical method was used, the growth is by
instantaneous nucleation followed by nodular growth on the initially nucleated sites. This
leads to the observed rough morphology, which is consistent with previous studies in
which polypyrrole was electrochemically synthesized at constant potential in aqueous
media [42, 43]. Furthermore, the nodular structure of the PPy/PSS films was also
observed by Yang et al. [44]. They investigated the individual conformations of the PSS
chains in the films by means of Scanning Tunneling Microscopy (STM). The PSS anions
were found to coated on the outside of the helical polypyrrole chains instead of being
incorporated fully within the helical structure. This structural arrangement could be a
further explanation for the presence of sulfonate moieties at the polypyrrole surface as
observed by XPS, and also provide additional evidence for the model proposed by
Prezyna (Figure 3.3).
Lastly, the conductivity of the polypyrrole films was evaluated. Based on a rough
estimate of the resistance, the conductivity was found to be in the order of 8.5 to12 S/cm.
The value confirmed that the polypyrrole was in the oxidized state. However, since we
are employing thin films for the purposes of optically transparent substrates for cell
culture studies, the conductivity is compromised. Conductivity in the order of 100 S/cm
can be obtained with thicker films using the electrochemical synthesis method [45].
3.4 Conclusion
Thin films of polypyrrole were synthesized electrochemically using
poly(styrenesulfonate) as the dopant ion. XPS results suggest the presence of negatively
PPy
film
Figure 3.5: Scanning Electron Micrograph of cross section of PPy film.
Figure 3.6: Scanning Electron Micrograph of surface of PPy thin film.
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charged sulfonate groups at the surface of the films. It is hypothesized that these
sulfonate moieties will play a key role in cellular interactions between the surface and
cells attached to it. SEM studies confirmed the rough nodular morphology of PPy films
consistent with past observations. Conductivity and UV/VIS spectroscopy data
established the existence of polypyrrole in its oxidized state. The possibility of using the
oxidized polycationic form of polypyrrole with the negative dopant anion,
poly(styrenesulfonate), as a substrate for bone regeneration will be discussed in the next
chapter.
CHAPTER 4: CELL CULTURE - BASE LINE STUDIES
4.1 Introduction - selection of bone cell culture system
To study the candidacy of polypyrrole as an interactive substrate for bone
regeneration in vitro, an appropriate cell culture system must be chosen. The key criteria
in determining a model system to study were:
* Cells capable of undergoing osteogenic differentiation
* Cells known to respond to electrical fields
* Ease of isolation of cells for in vitro and possible future in vivo studies
* Cell culture system without contamination by other cell types
Based on these characteristics, Bone Marrow Stromal Cells (BMSC) were chosen
as the model system for bone regeneration studies. The following section gives a
background and detailed justification for the selection of this particular system.
4.1.1 Bone Marrow Stromal Cells
Adult vertebrates require a continuous supply of osteoblasts (bone-forming cells)
for both bone remodeling and regeneration during fracture repair. According to the
current hypothesis, there is a reservoir of cells in the marrow stromal system, which is
associated with the soft connective tissues of marrow and bone surfaces [46, 47]. These
cells have been shown to be pluripotent and are progenitor cells for a number of different
cell lineages, including those of bone, cartilage, fat and fibrous tissues [48, 49] (Figure
4.1).
There is substantial evidence showing that bone marrow stromal cells, cultured
both in vivo and in vitro, can induce bone formation in a variety of animal models [50-
53]. The results of these studies are consistent with the hypothesis that part of the renewal
of the osteoblast population at bone surfaces involves the recruitment, proliferation and
differentiation of these osteoprogenitor cells inhabiting the bone marrow. Thus, bone
marrow stromal cells (BMSC) are an appropriate system for the study of osteogenesis
and bone regeneration.
As discussed in Chapter 2, bone has been shown to be responsive to exogenous
electrical stimulation. Specifically, it has been shown that marrow stromal cells are
capable of undergoing osteogenesis upon electrical stimulation [54, 55]. Thus, in order to
fulfill our objective of evaluating the potential of polypyrrole, an electrically conducting
polymer, as an interactive substrate for bone cells, BMSC satisfy the criterion of being
responsive to electrical fields.
In addition, BMSC are easy to isolate and culture in vitro. Upon isolating
suspensions from the bone marrow cavity, primary cultures of BMSC can easily be
separated from hematopoietic cells by virtue of their attachment to tissue culture
polystyrene substrate. This ease in isolation is also important to consider for possible
future in vivo tissue engineering applications. It is not practical to isolate osteoblasts, for
example, from a human femur; however, isolation of bone marrow stromal cells can
easily be obtained from marrow aspirates from humans and can be expanded in vitro
[56].
Another issue to consider is the contamination of isolated cells by other cell types.
BMSC are easily separated from hematopoietic cells in contrast to cell populations from
osteoblast rich systems such as the calvariae of fetal or neonatal rats, which often contain
other cells such as fibroblasts. Thus, BMSC are an attractive system since contamination
by other cell types is minimal. A further advantage of BMSC is its comparable activity in
both newborn and old [57], whereas osteoblasts obtained from fetal rat calvaria can only
be used to model neonatal bone behavior.
Therefore, based on these considerations, BMSC were chosen as the cell culture
system of study for interactions with polypyrrole. The culture of BMSC on this substrate
is discussed in the following sections.
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Figure 4.1: Marrow stem cell phenotypes. Marrow stem cells are capable of differentiating through a series of separate and
unique lineage transitions into a variety of end-stage phenotypes as shown.
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4.2 Experimental
4.2.1 Chemicals and Materials
Dulbeccos's Modified Eagle Medium (DMEM), fetal bovine serum (FBS),
Dulbecco's phosphate buffered saline (PBS) without additives, penicillin, streptomycin,
non-essential amino acids and trypsin were purchased from Gibco BRL (Grand Island,
NY). Recombinant Human fibroblast growth factor-2 was purchased from R & D
systems (Minneapolis, MN). Tissue culture polystyrene Petri dishes were purchased from
either Falcon (Becton Dickinson & Co., Franklin Lakes, NJ) or Coming (Coming, NY).
MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Thiazolyl blue), a
mitochondrial stain for cell viability was purchased from Sigma. Alkaline Phosphatase
kits were purchased from Sigma.
Cells were viewed using a Diaphot phase-contrast microscope (Nikon, Japan).
Images were acquired using a CCD video camera and VM-920 monitor from Hitachi
(Tokyo, Japan) and were subsequently digitized using NIH Image software and a Scion
LG-3 frame grabber (Frederick, MD).
4.2.2 Methods and Procedures
4.2.2.1 Isolation and culture of Bone Marrow Stromal Cells (BMSC)
The tibia and femur of 2-3 week old bovine calves were obtained from a local
abattoir within 4 hours of slaughter. The bones were cleaned of soft tissue and excised in
their diaphyseal region. The contents of the bone marrow cavity were aseptically
harvested in Dulbecco's Modified Eagle Medium (DMEM) and 0.5 mM ethylenediamine
tetraacetic acid (EDTA). Single cell suspensions were made by repeatedly passing the
marrow through needles of different gauges (16 to 20). Cells were centrifuged and were
resuspended in DMEM supplemented with 10% fetal bovine serum (FBS), 0.1 mM
nonessential aminoacids (NEAA), 100 U/ml penicillin, 100 mg/L streptomycin and 1
ng/ml fibroblast growth factor-2 (FGF-2). Nucleated cells from the bone marrow,
consisting of hematopoietic and stromal populations, were counted using a
hemocytometer and plated in 100 mm tissue culture polystyrene Petri dishes at 2x10 6
cells per dish (approximately 25x103 cells/cm 2) in 10 ml of medium. The cells were
incubated in a humidified 37 OC/5% CO 2 incubator. BMSC were selected based on their
ability to adhere to the Petri dish; non-adherent hematopoietic cells were removed with
culture medium during refeeding. The medium was changed after 3 days and twice per
week thereafter. When BMSC became near confluent (approximately 2-3 weeks after the
primary culture was established), they were detached using 0.25% trypsin/1 mM EDTA
and replated in 100 mm dishes at 3x10 5 cells per dish. When the cell population reached
confluency, these Passage 1 cells were trypsinized, and replated as Passage 2 (P2) cells
onto polypyrrole (PPy), indium tin oxide (ITO) and tissue culture polystyrene (TCPS). In
all experiments, P2 cells were used, as cell attachment decreases with further passaging
(Appendix, Figure A.1)
Sterile Plexiglass wells (1 cm x 1.5 cm inner dimensions) were attached to PPy
films, ITO substrates or TCPS substrates using autoclaved vacuum grease. Each substrate
type was tested in duplicate. All wells and substrates were sterilized by UV irradiation in
a laminar flow hood for 24 hours prior to seeding.
BMSC (P2) were seeded into the wells at a density of 3 x 104 cells/ml per well
and then incubated for 48 hours to permit attachment and spreading. Cell viability assay,
morphological analysis and alkaline phosphatase assays carried out after 48 hours are
described in the following sections.
4.2.2.2 MTT assay (Cell Viability)
MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; Thiazolyl
blue) is a water soluble tetrazolium salt, which is converted to an insoluble purple
formazan by cleavage of the tetrazolium ring by dehydrogenase enzymes [57]. The
cleavage and conversion of the soluble yellow dye to the formazan has been used to
develop an assay system for measurement of cell proliferation and cell number. Only
active mitochondrial dehydrogenases of living cells will cause the conversion.
After 48 hours, all the wells were evaluated for cell viability on the three
substrates: PPy, ITO and TCPS. A stock solution of MTT at 5 mg/ml was prepared and
added to serum-free DMEM, without phenol red, at a volume ratio of 1:20. Culture
medium was removed from each of the wells and replaced with 0.5 ml of DMEM-MTT
medium. After 4 hours of incubation at 37 OC and 5% CO2, the medium was removed and
the converted dye solubilized by adding 1 ml of acidic isopropanol (6 x 10-6 N HCl in
absolute isopropanol). Absorbance of the converted dye was measured at a wavelength of
570 nm with background subtraction at 670 nm on a Perkin-Elmer 553 Fast Scan
Spectrophotometer. All cell viability values were normalized to those for TCPS for
comparison.
4.2.2.3 Morphological Analysis
Thin polypyrrole films permitted the use of light microscopy to study BMSC-
biomaterial interactions. Cells were viewed using an inverted phase contrast microscope and
under a 10x objective. Images were acquired using a CCD video camera and were
subsequently digitized using NIH Image software and a Scion LG-3 image capture board.
4.2.2.4 Alkaline Phosphatase (ALP) Activity
Alkaline phosphatase activity is a marker for the osteoblast phenotype. It is used
routinely as an indicator for the degree of differentiation seen in BMSC [58]. Alkaline
phosphatase activity was determined as the rate of conversion of p-nitrophenyl phosphate
to p-nitrophenol. Each assayed well was washed with PBS and 100 ld of 0.01 % SDS.
After 10 minutes, a prewarmed solution (37 OC) of 0.25 ml substrate (Sigma 104-100) and
0.25 ml alkaline buffer solution were added to each of the wells. After a 15 minute
incubation period at 37 OC, the contents of each well were added to 5 ml of 0.05 N NaOH
to quench the reaction. The absorbance was read at 410 nm on a Perkin-Elmer 553 Fast
Scan Spectrophotometer.
4.3 Results and Discussion
BMSC grown on PP films, ITO and TCPS were tested for cell viability (Figure
4.2). BMSC growth was supported on polypyrrole films indicating that polypyrrole is not
toxic to them. In contrast, at 48 hours, cell viability was significantly lower on the ITO
controls, indicating that the presence of the polypyrrole substrate enhanced cell
attachment and proliferation.
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Figure 4.2: Cell viability of BMSC normalized to tissue culture polystyrene. Data is
expressed as the mean + SD of the mean of three separate experiments. For each
experiment, samples were tested in duplicate.
Phase-contrast optical micrographs of BMSC cultured for 48 hours are shown in
Figure 4.3. It can be seen that the BMSC attach and spread equally well on all three
substrates tested: PPy, ITO and TCPS. The cell morphologies seen on PPy are
characteristic of those typically seen in TCPS Petri dishes.
Alkaline phosphatase (ALP) activity, a marker for BMSC differentiation towards
the osteoblast phenotype, was found to be significantly higher for cells grown on PPy
(Figure 4.4). The activities for each of the substrates are normalized to the corresponding
cell numbers obtained from the MTT assay and are represented relative to the TCPS
control. It appears that the excess negative charges on the PPy surface, due to the
incorporation of the poly(styrenesulfonate) dopant, could be encouraging an increased
adsorption of certain matrix proteins that is favorable for the differentiation of the BMSC.
The precise mechanism of this observed behavior is still unclear.
It has been shown that the nature of the charged substrate affects the migratory
morphology of osteoblasts via the intermediation of specifically adsorbed proteins [59].
For negatively charged substrata, it was shown that the ventral cell membrane was readily
visible with only focal areas of close contact with the substratum, in contrast to positively
charged substrata where the cell membrane was not distinguishable by transmission
electron microscopy. It has been hypothesized that the space between either the
osteoblasts or the osteoblast-like cells and negatively charged substrata could allow
secretion of extracellular matrix (ECM) directly onto the substratum surface. It is
desirable that there be close apposition of bone matrix with the biomaterial, and this is
best achieved with ECM laid directly onto the surface. Hence, negatively charged
Figure 4.3: BMSC culture on PPy film (TOP); TCPS (MIDDLE); ITO (BOTTOM) after
48 hours incubation. Bar = 100 ptm.
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Figure 4.4: Alkaline Phosphatase activity of BMSC normalized on cell number (from
MTT assay) relative to tissue culture polystyrene. Data is expressed as the mean + SD of
the mean of three separate experiments. For each experiment, samples were tested in
duplicate.
substrata such as polypyrrole with the dopant ion, PSS, would be ideally suited to fulfill
this objective.
Osteogenesis and formation of dense connective tissue has also been
demonstrated by employing negatively charged Sephadex beads which were implanted
into cranial or mandibular defects in young adult rats [60]. The mechanism by which the
charged beads fostered the osteogenic response is not well understood. Our in vitro
observations with polypyrrole's negatively charged surface interactions with BMSC
suggest that the cells may be undergoing differentiation towards the osteoblast
phenotype. A similar phenomenon as observed in vivo could also be occurring in vitro in
promoting osteogenesis with negatively charged substrata.
CHAPTER 5: CELL CULTURE - GLUCOCORTICOID STUDIES
5.1 Introduction
It has been shown that stromal cells isolated from the bone marrow can be
induced to differentiate along the osteoblast lineage by glucocorticoids. Glucocorticoids
are steroid hormones that can regulate gene expression in differentiating cells and in
inducing the affinity of the glucocorticoid receptors found in cells [61]. Dexamethasone,
a synthetic glucocorticoid, has been shown to induce the osteoblast phenotype and bone
formation with stromal cells in vitro [51]. Numerous studies with dexamethasone in
marrow derived stromal cell culture have shown that an increase in alkaline phosphatase
(ALP) activity occurs with the addition of the glucocorticoid [51, 62-68]. The precise role
of the steroid in modulating the metabolism and biological activity is not completely
understood and is subject to investigation.
The typical "cocktail" of stimulants added to the culture to induce osteogenesis
consists of dexamethasone, ascorbic acid and p-glycerophosphate. Ascorbic acid is
required for the synthesis of collagen [69, 70] and for osteogenesis in vitro [71].
Furthermore, Anderson et al. [72] have demonstrated that ascorbic acid regulates ATPase
and ALP activities and protein synthesis in cultures of osteoblast-like cells. The organic
phosphate, p-glycerophosphate, has often been used in vitro as a potential source of
phosphate ions [71, 73, 74].
This section compares the effect of dexamethasone on bone marrow stromal cells
grown on polypyrrole to that of tissue culture polystyrene.
5.2 Experimental
5.2.1 Chemicals and Materials
Cell culture reagents are described in 4.2.1. Dexamethasone, -Glycerophosphate
and Ascorbic acid were purchased from Sigma and used as received.
5.2.2 Methods and Procedures
BMSC were isolated as described in 4.2.2.2. P2 Cells were trypsinized and seeded
at a density of 5x104 cells/ml in the sterile Plexiglass wells attached to PPy films, ITO or
TCPS. After 48 hours, in dexamethasone test cultures, the original medium was removed
and replaced by filtered medium (0.22 tm sterile cellulose acetate membrane, Coming,
NY) supplemented with 50 gg/ml ascorbic acid, 7 mM 3-glycerophosphate and 10-8 M
dexamethasone. Similarly, fresh medium was fed to control cultures on each of the three
substrates at the same time. All samples were incubated for another 48 hours prior to
MTT, ALP assays and morphological analysis.
5.3 Results and Discussion
Cell viability of dexamethasone supplemented cultures on PPy and ITO were
compared relative to TCPS controls (Figure 5.1). The proliferation of cells was
moderately reduced for all cultures in the presence of dexamethasone. The observed
behavior is consistent with previous data [63]. Micrographs (Figure 5.2) of the cultures
on each of the substrates demonstrate the typical cuboidal shape of the cells on addition
of dexamethasone.
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Figure 5.1: Cell viability of BMSC normalized to tissue culture polystyrene control
(without dexamethasone). Data is expressed as the mean + SD of the mean of three
separate experiments. For each experiment, samples were tested in duplicate.
Figure 5.2: Dexamethasone supplemented cultures on A: PPy, B: ITO,
C: TCPS, after 48 hours of dex medium. Bar = 100 lm.
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ALP activity was stimulated by dexamethasone on all three substrates (Figure
5.3). However, the expression of the enzyme was significantly higher for PPy (P<0.01)
relative to TCPS controls. Thus, PPy appears to be promoting osteogenesis to the
osteoblast phenotype to a greater extent, relative to TCPS, in the presence of the
glucocorticoid, dexamethasone. ALP activity is expected to be enhanced with
dexamethasone from previous studies with BMSC cultures [62, 63, 65, 67]. However, the
enhanced expression on PPy, in contrast to that on TCPS, could again be a result of the
interactions between the polypyrrole surface chemistry and adsorption of certain proteins
on the surface, which could be triggering the ALP activity via the regulation of the
glucocorticoid.
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Figure 5.3: Alkaline Phosphatase activity of BMSC normalized on cell number (from
MTT assay) relative to tissue culture polystyrene (without dexamethasone). Data is
expressed as the mean + SE of the mean of three separate experiments. For each
experiment, samples were tested in duplicate.
CHAPTER 6: CELL CULTURE - ELECTRICAL STIMULATION
STUDIES
6.1 Introduction
This final study evaluates PPy as a medium for the electrical stimulation of
BMSC. Numerous researchers have studied the effect of electrical stimulation in vitro on
bone cells [75-78]. However, there are no reports of bone cells cultured directly on a
substrate that was electrically conductive. The use of PPy is thus a novel approach in
applying electrical stimulation to bone cells. Through this arrangement, it is hypothesized
that electrical coupling between the cells and the electrode will be enhanced since the
cells are directly attached to the PPy electrode. Furthermore, the enhanced alkaline
phosphatase activity of BMSC from the base line and glucocorticoid stimulation studies
(Chapters 4 and 5), have indicated that the nature of the PPy surface, due to the
incorporation of the poly(styrenesulfonate) dopant, anion, could be playing a role in the
protein adsorption or other unknown cellular processes.
This chapter brings together the conditions of the two previous studies in the
presence of electrical stimulation.
6.2 Experimental
6.2.1 Chemicals and Materials
Cell culture reagents as described previously were used. Silver wire and gold wire
were purchased from Sigma.
6.2.2 Methods and Procedures
BMSC were isolated as described in 4.2.2.2. Cells were trypsinized and seeded at
a density of 5x10 4 cells/ml in wells attached to each of the three substrates: PPy, ITO and
TCPS.
The assembly for electrical stimulation experiments is shown in Figure 6.1. The
PPy film or ITO slide served as the anode, a gold (Au) wire placed along the length of the
well as the cathode and a silver (Ag) wire acted as a quasi-reference electrode. An
EG&G® Princeton Applied Research Potentiostat/Galvanostat Model 263A (Oakridge,
TN) was used as the source of constant potential and cells were incubated at 37 OC and
5% CO 2 during the course of the stimulation. All electrically stimulated cells were
subjected to a steady potential of 100 mV for 1 hour.
For electrical stimulation (+E) experiments, two conditions were tested for PPy
and ITO substrates: presence of dexamethasone (+E, +Dex) and absence of
dexamethasone (+E). For dexamethasone supplemented cultures, dexamethasone was
added after 48 hours from the initial seeding (methods as described in Section 5.3) and
incubated for another 24 hours prior to electrical stimulation. MTT, ALP assays and
morphological evaluation (methods as described in Sections 4.2.2.2-4.2.2.4) were
performed 24 hours post stimulation. For (+E) cultures, cells were electrically stimulated
at the same time point as for dexamethasone cultures (+E, + Dex) and assayed similarly.
Control cultures, without electrical stimulation, in the presence (+ Dex) and absence of
dexamethasone (Control), were used to evaluate the effect of electrical stimulation for the
two conditions. Each substrate type was tested in duplicate for each condition in three
Bone marrow
stromal cells
and mediumAg wire
(reference
electrode)
4,
Au wire
(cathode)
PPy or ITO
(anode)
Au wire
(cathode)
f
Ag wire
(reference
electrode)
BMSC and
medium
PPy or ITO (anode)
Figure 6.1: Assembly for electrical stimulation experiments.
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three separate experiments.
6.3 Results and Discussion
Cell viability, normalized to TCPS, was not affected significantly upon electrical
stimulation on both the PPy and ITO substrates in the (+E) and dexamethasone
supplemented (+E, +Dex) cultures (Figure 6.2). However, relative to PPy, the cell
viability of cultures on ITO was significantly lower for two of the four conditions
studied: BMSC grown on ITO controls with dexamethasone (+ Dex) only, (consistent
with results from Section 5.3), and BMSC grown on ITO with dexamethasone and
electrical stimulation (+E, +Dex). The mechanism for the reduced cell number on ITO
glass is not understood but supports the hypothesis that the surface of the polypyrrole
interacts with charged matrix proteins, both in the presence and absence of electrical
stimulation, to support cell growth and attachment. Since the application of the constant
potential at 100 mV for 1 hour did not significantly affect cell viability for both
dexamethasone and control cultures on polypyrrole, it appears that this stimulus does not
initiate cell death during the stimulation and 24-hour post stimulation periods.
Phase contrast micrographs of BMSC cultured on PPy and ITO, in the presence of
dexamethasone and exposed to electrical stimulation are shown in Figure 6.3. During this
short stimulation period, it is not surprising to see that there was no change in
morphology relative to control cultures without the electrical stimulation. The cuboidal
shape of the cells as seen in the dexamethasone cultures in Section 5.3, is still maintained
upon electrical stimulation.
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Figure 6.2: Cell viability of BMSC normalized to tissue culture polystyrene control
(without dexamethasone). Data is expressed as the mean + SD of the mean of three
separate experiments. For each experiment, samples were tested in duplicate.
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Figure 6.3: BMSC cultures on A: PPy; B: ITO in (+E, +dex) condition,
24 hours after electrical stimulation. Bar = 100 gtm.
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Although no dramatic changes were observed in the cell morphology of BMSC
cultured on PPy in the (+E, +Dex) condition, the ALP activity was found to increase by
40 % (P< 0.01) relative to PPy control cultures without electrical stimulation (+Dex)
(Figure 6.4). Since the cell viability was relatively unaffected by the application of the
stimulus, these observations could be a result of an increase in the number of marrow
stromal cells expressing ALP and/or an increase in the amount of ALP expressed per cell.
In contrast, ALP activity remained unchanged for electrically stimulated cultures without
dexamethasone (+E) versus PPy cultures without both electrical stimulation and
dexamethasone (Control). The interaction of the cells with the PPy substrate in the
presence of dexamethasone during the electrical stimulus appears to be triggering a
mechanism to markedly differentiate the cell along the osteoblastic phenotype. It appears
that the presence of the glucocorticoid is essential during the stimulation period to
observe this significant increase at the chosen constant potential level of 100 mV for 1
hour.
However, the nature of the surface was also demonstrated to be crucial in
determining cellular behavior since ALP activity was significantly increased ( +56 %, P
<0.01) in PPy cultures in the presence of electrical stimulation and dexamethasone (+E, +
Dex) relative to ITO cultures under the same conditions. Even though the ITO substrates
are highly conductive (in the order of 800 S/cm as reported by manufacturer), the mere
application of a steady potential through the electrode was not capable of inducing
osteogenic differentiation of the BMSC. Thus, the interaction of the PPy surface and
application of electrical stimulation through the film itself was necessary to obtain the
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Figure 6.4: Alkaline Phosphatase activity of BMSC normalized on cell number (from
MTT assay) relative to tissue culture polystyrene (without dexamethasone). Data is
expressed as the mean + SD of the mean of three separate experiments. For each
experiment, samples were tested in duplicate.
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observed increase in ALP activity.
Several hypotheses can be put forth to explain the effect of PPy on BMSC during
electrical stimulation. As suggested in the previous two chapters, the excess negatively
charged sulfonate groups on the Ppy surface could be playing a role in changing the
conformation of certain adsorbed proteins upon the application of electrical stimulation.
Furthermore, it appears that there is a coupled effect of dexamethasone and electrical
stimulation in enhancing ALP activity on PPy, as the effect was not observed upon
application of electrical stimulation (+E) alone. Thus, the interaction of PPy and proteins
involved in the dexamethasone regulatory pathway of the alkaline phosphatase gene
expression, could also be playing an important role. The mechanism by which
dexamethasone induces alkaline phosphatase activity is not fully understood. However,
studies have suggested that either a mediator protein is involved in the action of
dexamethasone on alkaline phosphatase at a pretranslational level [79] or that the
increase in alkaline phosphatase activity in dexamethasone cultures is via the de novo
synthesis of the ALP enzyme itself [80]. It may be possible that the interaction between
an adsorbed protein layer on the polypyrrole surface and the "mediator" protein could be
leading to certain conformational changes that result in the elevated activity of ALP.
The role of Ca2+ ions in electrical stimulation could also be important in
determining the differentiation level of BMSC [76]. Voltage gated calcium channels exist
in the membranes of bone marrow cells and osteoblasts in which the ion transport is
mediated by electrical stimulation. Ozawa et al. showed that electric fields stimulate the
DNA synthesis of MC3T3-E1 (mouse osteoblast-like cells) by a mechanism involving
calcium ions [76]. More recently, it has been shown that capacitively coupled electrical
stimulation of these cells induces an elevation in the level of TGF-P, an important growth
factor in the formation of bone and cartilage [81]. The mechanism is believed to involve a
calcium/calmodulin pathway. Calmodulin is a ubiquitous intracellular calcium-binding
protein that interact with a wide range of enzymes. An increase in the concentration of
cytosolic Ca2+ leads to an activation of calmodulin, which is responsible for many
calcium-mediated processes including proliferation and differentiation of cells [81].
Thus, modulation of calcium transport through voltage gated channels, as a result of the
electrical stimulation, could be mediating certain cellular differentiation pathways.
Furthermore, calcium transport is also affected by dexamethasone [82]. Publicover et al.
[82] have shown that low voltage-activated Ca2+ channels are induced in rat bone marrow
stromal cells by dexamethasone to exhibit osteoblast-like channel modulation. Since the
coupling of dexamethasone and electrical stimulation together was necessary to increase
the ALP activity in our system, it may be possible that the two calcium transport
processes and associated cellular pathways could be interacting to augment the observed
osteogenic differentiation.
Lastly, it can also be suggested that the negatively charged polypyrrole surface
could be binding the positively charged Ca2+ counterions during the electrical stimulation
and thus triggering the activity of the alkaline phosphatase enzyme, possibly by means of
a transmembrane protein or some other unknown mechanism. Furthermore, if the Ca2+
ions are indeed bound to the negatively charged sulfonate groups, the polymer surface
could be acting as a localized source of Ca2+ ions near the cell surface.
CHAPTER 7: CONCLUSIONS
The following conclusions can be drawn up from this thesis:
1) Thin films of polypyrrole (PPy) synthesized with a polyanionic dopant,
poly(styrenesulfonate), support the viability and proliferation of bovine bone
marrow stromal cells (BMSC).
2) Upon application of electrical stimulation through the PPy films, BMSC undergo
differentiation towards an osteogenic lineage. This result was indicated by an
increase in alkaline phosphatase (ALP) activity relative to controls.
3) The presence of a glucocorticoid, dexamethasone, in the culture medium is
necessary to observe the increase in ALP activity during the application of
electrical stimulation.
4) The nature of the PPy surface, which contains negatively charged sulfonate
groups, is hypothesized to be playing a role in cellular interactions to induce the
osteogenic diferentiation.
5) By virtue of its conductive properties, its in vitro biocompatibility and surface
characteristics, polypyrrole is a suitable interactive substrate for enhancing bone
cell interactions. The evaluation is a first step toward the ultimate use of
polypyrrole as a scaffold for bone regeneration.
CHAPTER 8: SUGGESTIONS FOR FUTURE WORK
1) An understanding of the mechanism of the increased alkaline phosphatase activity of
BMSC on electrically stimulated polypyrrole cultures would be very critical in
determining how polypyrrole can act as an interactive scaffold for bone regeneration.
2) In this study, the dopant ion chosen was the polyanion, poly(styrenesulfonate). The
choice of dopant ion determines characteristics such as wettability and charge density
which play a critical role in protein adsorption and cell-substrate interactions. Further
work involving polycations as dopants, for example, poly(L-lysine hydrochloride)
could be investigated to determine the effect of the type of dopant ions in eliciting the
observed BMSC responses [38].
3) We have only investigated the use of polypyrrole as a 2 D substrate for bone
regeneration. The fabrication of 3 D scaffolds should be investigated for possible use
in vivo applications. An alternative approach to electrochemical synthesis that could
be employed is the molecular self-assembly method, whereby a layer-by-layer
process enables highly conductive forms of polypyrrole to be synthesized [83].
4) Other waveforms for electrical stimulation of BMSC can be investigated. Pulsed
Electromagnetic Field (PEMF) stimulation has been employed to stimulate bone cells
in vitro via a non-invasive method. The effect of using polypyrrole in this
configuration could be another option to optimize the observed responses.
5) Finally, in vivo studies using an appropriate bone defect system would have to be
evaluated for possible future clinical applications.
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Appendix
Cell viability of bone marrow stromal cells decreases with consecutive passaging.
The following graph shows the cell viability from MTT assays for cells passaged from P2
to P5. The values are normalized to the value for tissue culture polystyrene (TCPS) at the
first subculture ie. P2. Cells were trypsinized and plated as described in Section 4.2.2.1.
TCPS
)
.0
Zo
>1-
> C)
CO
0.8-
0.6
0.4-
0.2
0
P2 Passage# P4 P5Passage #
Figure A.1: Effect of passaging on cell viability
